1. Materials containing hyaluronic acid have been prepared by filtration (Ogston & Stanier, 1950 ) from ox synovial fluid and from a protein-rich human mesothelioma fluid. The ox material has been deproteinized by treatment with chloroform and pentanol and by gradient elution on DEAE-Sephadex; several fractions were obtained by the latter method. These materials can be stored in solution at -20°without change of properties. The ox material contained 21% of protein; all other preparations contained less than 6% of protein. 2. The two materials have been compared by sedimentation and viscosity and shown to be closely similar. Treatment of the ox material with neuraminidase caused no change in its viscosity behaviour. 3. Information about the molecular configuration of the ox material has been obtained from measurements of light-scattering and viscosity. The results, though consistent with a highly extended configuration, are not consistent with a linear random-coil configuration. It is tentatively suggested that the structure may have some degree of branching and of cross-linking, which give it a rigidity with respect to expansion of the molecular domain that would not be possessed by a random coil. 4. The deproteinized material recovered from DEAE-Sephadex, though polydisperse, showed unchanged average molecular weight; however, the average radius of gyration was greater than before this treatment. 5. Acidification to approx. pH 3 resulted in a contraction ofthe structure, with only a slight degree of expansion when the pH was restored to 6-8-7-0. 6. Measurements ofoptical rotatory dispersionqualitativelysupporta structure less simplethan a linear random coil. 7. Colloid osmotic pressures of mixed solutions of bovine serum albumin and of hyaluronic acid prepared by filtration from ox synovial fluid have been measured. The results agree approximately with those of Laurent & Ogston (1963) but are in quantitative disagreement with the partition measurements of Ogston & Phelps (1960) . The relationships between thermodynamic quantities in a quaternary system of electrolytes are discussed in Appendix 2. 8. Refractometric measurements have been made in connexion with light-scattering measurements, as the basis for a convenient method of determining the concentrations of solutions of hyaluronic acids, and to measure the partition of sodium chloride in dialysis experiments. The theory of the last use is discussed in Appendix 1. 9. Sedimentation measurements on the ox preparation have been made up to a concentration of 1-4 x 10-2g./ml. The form of the sedimentation coefficient-concentration relationship is discussed. The value of the sedimentation coefficient at higher concentration is the basis of an illustration of the likely effect of hyaluronic acid on the flow of water through narrow channels in connective tissue. 10. Available colorimetric methods have been shown to give low estimates for glucuronic acid when applied to highly polymerized materials, as compared with estimates by decarboxylation. A spectrophotometric titration with cetylpyridinium bromide has been shown to give estimates of carboxyl groups that agree well with those of decarboxylation when applied to preparations of hyaluronic acid under suitable conditions; the results are not affected by the presence of protein. 11. Estimates of glucosamine (Ogston, 1964) have been found to be low compared with those of total acetyl, independently of the presence of protein. The magnitude of the discrepancy is characteristically different for preparations from ox synovial fluid 15 Bioch. 1965, 96 449 and from mesothelioma. 12. Sialic acid was estimated in several preparations. It is likely that this forms part of the protein. 13. Analyses of preparations for total nitrogen, amino acids, total acetyl, glucuronic acid (by decarboxylation) and ash account for at least 95.7% of the dry weight in terms of N-acetylglucosaminyl, glucuronyl, protein and metal ions. Previously published analyses of hyaluronic acids are reviewed. 14. The estimated molar ratios of glucuronic acid to glucosamine were all significantly greater than unity. 15. The analytical results are interpreted as agreeing with the physicochemical measurements in suggesting a more complex structure, for at least some hyaluronic acids, than that ofan alternate linear copolymer in random-coil configuration.
The work described below is a continuation of a programme aimed to throw light on the properties and physiological significance of hyaluronic acid, which is widely distributed in connective tissues and forms an important part of the 'ground substance' (Meyer, 1960) . The material has been studied in vitro rather than in 8itU since it is then possible to make precise physicochemical measurements and to relate these to controllable variables.
For the physiological interpretation of such measurements it is desirable to know the conditions under which the material is present in vivo. Unfortunately, there is no very precise information about this, but it seems likely (Yoffey & Courtice, 1956 ) that the ionic composition of connective tissue is close to that of blood or lymph, that the hyaluronic acid, though it may bind bi-and multi-valent ions strongly, does not bind univalent ions markedly (Ropes, Robertson, Rossmeisl, Peabody & Bauer, 1947; Aldrich, 1958) , that the hyaluronic acid occurs as a highly viscous solution, with some gel-like properties, stabilized by collagen fibres (Ogston & Stanier, 1953a; Fessler, 1960) , and that its concentration is about lOmg./ml. (Rienits, 1960; T. F. Sherman, personal communication) .
The present paper describes measurements of refractive properties, osmotic pressures, light-scattering, viscosity, sedimentation and optical rotatory dispersion. The results provide evidence on the configuration of hyaluronic acid in solution and its interactions with other solutes. Analyses are also reported that give definitive information on the composition and indications of the configuration of the materials studied. Most of the measurements have been made on preparations from ox synovial fluid; analyses and some physicochemical measurements have also been made on hyaluronic acid prepared from a case of human mesothelioma.
EXPERIMENTAL

Material8
Preparation of hyaluronic acid from ox 8ynovial fluid by jfltration. This was done by the method of Ogston & Stanier (1950 , with attention at all stages to the avoidance of bacterial contamination. The synovial fluid was centrifuged at approx. 00 for 60min. at 29000rev./min. (Spinco model L centrifuge, no. 30 rotor) immediately after collection; 12 cycles of filtration and re-solution were used: the final solution was centrifuged under the same conditions before storage at -20°. The yield by this method is 80-100% and the preparation of 400mg. of hyaluronic acid takes about 14 days; the method compares favourably with others with regard both to yield and time required. The hyaluronic acid dispersed completely within 24hr. after thawing from -20°; freezing at this temperature and storage for up to a year caused no detectable change in its properties (see below). The material prepared in this way contained, in accordance with previous experience, about 20% of protein, which was not removed by more extensive filtration and which did not sediment with a separate boundary in the ultracentrifuge. To avoid prejudice as to the status of this protein, we return to the original description of UFR* (Ogston & Stanier, 1950) Hyaluronic acid from ox vitreou8 humour. This was prepared by removal of protein with sodium dodecyl sulphate, by the method of Kay, Simmons & Dounce (1952) .
Removal of protein from UFR with DEAE-Sephadex. DEAE-Sephadex A-SO (medium grade) was cycled in the C1-form and finally equilibrated with buffer (0 1 m-NaCl10mM-phosphate, pH6.9). The column (23cm.x Bcm., containing 50-60g. of DEAE-Sephadex) was fitted with sintered-glass disks at each end. UFR (approx. 100mg. in lOOml.) dialysed against the same buffer was added to the column and eluted with a variable gradient (Peterson & Sober, 1959) (Hauser & Niles, 1941) . Its equivalence was estimated by electrometric titration of bromide (Clark, 1926) . Its molar extinction at 259m,u was 4050+ 50.
Buffers. For most physicochemical measurements the buffer used was 0-12mM-NaHCO3 in equilibrium with laboratory air. Repeated tests showed that this controlled the pH within the range 6-S-7-0 [Leeds and Northrup (Philadelphia, Pa., U.S.A.) pH-meter and glass electrode, calibratedwith 50mM-potassium hydrogenphthalate buffer, pH4-0].
Analytical methods Determination of concentrations of solution8. Several methods were used.
(i) The ultimate method was the determination of the dry weights of solutions dialysed against water or 0 12mM-NaHCO3. Samples (2-5g. containing 3-5mg.) were evaporated at 950 and then dried to constant weight at 1050.
(ii) The concentrations of solution dialysed againstwater or 0*12 mM-NaHCO3 could be determined refractometrically, against the corresponding solvent, once the determination of the relevant specific refractive increments had been made.
(iii) Where solutions in water or 012mm-NaHCO3 of known initial concentration were dialysed to equilibrium with NaCl solutions, the change of concentration during dialysis was obtained from the change of weight of the dialysis sac and its contents, making allowance for the moist weight of the sac. By careful attention to the mopping of excess of fluid from the outside of the sac, the change of weight could be determined within + 5mg.; the error in concentration of the final solution (usually 2g.) was thus + 0-25%.
(iv) Dilutions of stock solutions were made by weight.
Determination of ash. Samples that had been dried to constant weight were ignited to bright red heat for approx. 2min.
Glucosamine. This was estimated by the modification of the method of Elson & Morgan (1933) described by Ogston (1964) , in which glucosamine is used as an internal standard. This procedure resulted (on this material) in estimates substantially higher than those obtained with the normal method. Even so it appears that the estimation was incomplete (see below). All estimations were made in triplicate or quadruplicate.
Total acetyl. This was estimated by hydrolysis of approx. 1mg. samples in 4N-HC1 for 5hr. at 1000 under N2. Acetic acid was recovered by steam-distillation at pH3.6 (0-5M-citrate buffer) in a modffied Markham (1942) still under carefully standardized conditions (with a stream of N2 run through the apparatus) and titrated under N2 with a Leeds and Northrup Coulometric Analyzer. Blank values were reproducible within the range 0*22-0*24,umole and duplicate estimations agreed within 0 02,umole. Recoveries of known amounts of acetic acid were correspondingly reproducible, between 88 and 92% according to the amounts estimated. Gas-liquid chromatography showed that all the volatile acid was acetic acid.
O-Acetyl. The method was the same as for total acetyl except that hydrolysis was performed in 2-5N-H2S04 for 44hr. at room temperature (Marks & Neuberger, 1961 Dische (1947) and modifications of this by Gregory (1960) and Bitter & Muir (1962) ; the oreinol method as described by Moretti & Whitehouse (1963) ; the decarboxylation method as described by Ogston & Stanier (1951b) with slight modifications. For the last method the sample was weighed into a glass bulb and 8w-HC1 added to give a final concentration of 3-3N. The bulb was sealed off during evacuation on a water pump and then heated in an electric oven at 1150. The absorbent for CO2 was 0-01 N-Ba(OH)2 and the titration with 0-01 N-HCI was carried out in a Perspex cabinet, pressurized with CO2-free air. With the present apparatus a low result was obtained if the diffusion period of lhr. recommended by Ogston & Stanier (1951b) was employed, diffusion for 10hr. being required for 100% yield of CO2. Results are given in Table 1 .
Estimation of uronic acid in hyaluronic acid by precipitation with cetylpyridinium ion. Aldrich (1958) used this method, suggested by Scott (1960) , to estimate the anionic equivalence ofUFR. His value of 3-2 m-equiv./g. seemed too high and we have reinvestigated this method. Weighed amounts (0.05-0.6g.) of UFR solution (approx. 1 mg./ml.) were added to 2ml. portions of 0.7mm-cetylpyridinium bromide. After separation of the clot formed on gentle mixing, by centrifuging, the extinction of the supernatant was measured at 259mu. The linear plot of extinction against weight of sample was extrapolated to zero extinction to give the equivalence. The observed equivalence was independent of salt concentration between 5mM and 10mM-Na2SO4. It was increased by further increase of the concen- tration of Na2SO4. It was also increased linearly with concentration of NaCl added to 5mM-Na2SO4 up to 60mM-NaCl according to:
where Q is the apparent equivalence in the presence of NaCl, Qo is the equivalence in 5 mM-Na2SO4 and [NaCI] is the concentration of NaCl at the equivalence point. Correction can thus be made for the effect of NaCl in the hyaluronic acid solution (Table 2 ). In 0-1 m-NaCl no precipitate was formed. In routine estimations, the Na2SO4 concentration was 5 mM. The results are given in Table 1 .
Physical methods Refractometry. A differential refractometer similar to that described by Cecil & Ogston (1951) Kruis (1936) . The refractometer constant was 5-038 x 10-7 units of refractive difference/p (Table 3 ). All the results ( Ogston & Phelps (1960) , of the non-ideal osmotic behaviour of mixtures of hyaluronic acid and protein. Laurent & Ogston (1963) have shown, since the present work was undertaken, that these predictions are qualitatively fulfilled. The main object of the present measurements was to provide a further test of these thermodynamic properties.
The osmometer used was specially constructed to allow small osmotic pressures to be measured with accuracy, and to avoid the following errors:
(i) Apparent osmotic pressure when no osmotically active substance is present ('membrane asymmetry'), which is due to very slight leaking in the system.
(ii) Changes of concentration near the membrane due to the passage of solvent in the setting-up of osmotic equilibrium. This instrument is described in detail by Davies (1965) . It is essentially a refinement of the osmometer of Rowe & Abrams (1957) with a Statham stretched-wire transducer used as the detector of volume change. Close attention was paid in the design and construction of the osmometer to perfect sealing at all points and to control of temperature. The pressures could be read to 0-01 cm. H20 and unbalance detected with this sensitivity.
Solutions were made up by weight from solutions of ox UFR and of Armour Pharmaceutical Co. Ltd. (Eastbourne, Sussex) bovine serum albumin and buffer; each solution had been thoroughly dialysed against 0-2m-NaCl-0-12mm-NaHCO3 and was of known final concentration. The two solutions and buffer were mixed so as to provide sets in which the hyaluronic acid concentration varied at constant concentration of serum albumin and vice versa. Each mixture was stirred before use by placing a glass bead in the containing vessel, and rotating the latter slowly at 20 for 2-3hr. They were used within 2 days of being made up.
The surface tension of each solution was measured after removal from the osmometer by the drop method of Harkins (1960) . Instead of weighing the drops, the drop volume was determined by delivery from a micrometer syringe through a needle whose end was ground square and bevelled on the inside to give a sharp edge of 0-332cm. diam. The value measured for water was within 1% of the accepted value. Measured osmotic pressures were corrected for surface tension in the osmometer.
The membranes were collodion, of water permeabilities 150 x 10-5-250 x 10-5 ml. hr. position of the protein it would be expected that its specific refractive increment would be near to 0-18; the value expected for the material that contains 20% of protein would then be 0-152 (in 0-12mM-sodium hydrogen carbonate) in good agreement with the observed value. The result for preparation S. 16 is a little lower than that reported by Blumberg, Ogston, Lowther & Rogers (1958) for protein-free bacterial hyaluronic acid (0-144).
Specific refractive increments in sodium chloride solutions. The refractive increments of solutions of UFR containing sodium chloride up to 0-35m and measured against water or 0-12mM-sodium hydrogen carbonate are the resultant of the contributions of both solutes (see Appendix 1). The contribution of sodium chloride may be regarded as its refractive increment at the same molality, calculated from eqn. (2) Specific refractive increments in dialysed solutions. When solutions ofUFR were dialysed to equilibrium against solutions of sodium chloride in 0-12mM-sodium hydrogen carbonate and measured against diffusate, the differences were consistently less than would be expected from eqn. (4), except at zero concentration of sodium chloride. In Table 6 the apparent specific refractive differences, DP (app.), are compared with the values predicted from eqn.
(4), DP (calc.). The constant terms in eqns. (4) and (5) differ significantly by -20 (S.E.M.5-2), whereas the coefficients of DNac, do not. That these differences are not due to error in assessing the changes of concentration during dialysis is shown by the agreement of apparent and predicted values at zero concentration of sodium chloride (first two rows) of Table 6 .
Partition of sodium chloride. The observed differences can be ascribed to an unequal partition of sodium chloride between the UFR solution and its diffusate (see Appendix 1). Such inequality might arise either from the steric exclusion of solute by UFR discussed by Ogston & Phelps (1960) equivalence of 2m-equiv./g., which agrees rather well with the estimates of carboxyl (Tables 1 and  18 ). However, this conclusion would not be very safe in view of the likelihood of non-ideality of the Gibbs-Donnan equilibrium (see Overbeek, 1956; Aldrich, 1958) and the considerable statistical uncertainty that attaches to the constancy of the differences.
Whatever the cause of the unequal partition of sodium chloride, it will have an effect on the osmotic properties of solutions of UFR. This is discussed in Appendix 2.
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and convenient method for determining concentration once the necessary calibrations have been performed. Direct measurements of refractive differences between solutions and their diffusates provide values of (dn/dc) required for interpreting lightscattering measurements (Casassa & Eisenberg, 1960) . Also, as shown here and in Appendix 1, they can be used to measure the partition of diffusible components between solutions and their diffusates.
Osmotic pressures
The results of the measurements of osmotic pressures corrected for surface tensions (Table 8) are given in Table 7 . The values for solutions containing UFR showed a tendency to drift upwards during measurement, usually becoming stable after 20min. The values at 20min. have been accepted and are those quoted. The absence of drift with solutions of bovine serum albumin shows that this was not of instrumental origin.
Analysis of osmotic-pressure results. By following Ogston (1962) and treating the system as ternary (UFR = 3; protein = 2; solvent = 1) the osmotic pressure across a membrane permeable only to component 1 can be expressed by: +A5C3+A6C2C3+A7 2Cg+ (7) where the concentrations are expressed as g. of solute/g. of solvent; p, the density of the solvent, is a close approximation to Mi/vl. Eqn. (7) is the more convenient form for computation; also, since the terms of eqn. (6) contain the molecular weights M2 and M3 (of bovine serum albumin and UFR respectively), eqn. (7) and its A coefficients provide a better basis for comparing results obtained with different preparations of hyaluronic acid and serum albumin.
Although the experiments were designed to allow analysis at constant protein or constant hyaluronic acid concentration, it was realized later that it would be more efficient to analyse the whole set of results as a multivariate regression. This was done on an IBM computer; the programme was for a linear multivariate regression with constant term suppressed. Fitting was tried with the whole regression, with A5= 0, with A7 = 0 and with both A5= 0 and A7 =0. The least residual variance was obtained with A7 = 0; however, the fit with both A5 = 0 and A7 = 0 was hardly less good and is perhaps the better choice, for reasons given below. The estimates of the A coefficients and their S.E.M. values are given in the second column of Table 9 . For comparison the values of the same coefficients obtained by Laurent & Ogston (1963) are given in the third column of Table 9 . A number of features require comment:
(i) The value of A1 given in Table 9 , which was derived from the analysis as a whole, corresponds to a value of 7 94 x 104 for the molecular weight of bovine serum albumin, i.e. M2. Closely similar results were obtained from the data given in Table 7 for serum albumin alone, and also from two independent sets of measurements on solutions of the same batch ofprotein. Examination ofthis material by velocity sedimentation showed that it contained not less than 16% of material which sedimented Table 9 . Least-square estimates of coefficients in eqn. (7) for the osmotic pressures of mixed solutions of ox UFR and bovine serum albumin Values from Laurent & Ogston (1963) (Laurent, Ryan & Pietruszkiewicz, 1960) to obtain the coefficients given in Table 10 .
(iv) The significant value of A3 indicates nonideal behaviour of solutions containing only bovine serum albuimin. This does not appear in Laurent & Ogston's (1963) results.
(v) Although a non-linear increase of osmotic pressure with concentration of UIFR is obvious in Table 7 recalculated values are shown in the last column of Table 9 and are used to obtain the corresponding coefficients in Table 10 .
Osmotic coefficients. Table 9 shows that there is fair agreement between the values of the A coefficients that we have obtained from our osmotic pressure measurements and those of Laurent & Ogston (1963) as recalculated. A4 represents the second virial coefficient of hyaluronic acid, expressed on a weight concentration basis, and corresponds to the molal coefficient di (Table 10 ). Our value of A4 (assuming A5 = 0) is about halfthat obtained by Laurent & Ogston (1963) on a different preparation and in 0-5M-instead of 0-2M-sodium chloride. Both values are much less than that assumed by Ogston (1962) (di = 2-64 x 109, M3= 107, giving A4= 13.2). However, this assumed value was based on the assumption of zero energy of interaction (X = 0) in the Flory-Huggins theory (Flory, 1953) . It also neglected effects of the components' being electrolytes, discussed in the Appendix 2.
A more interesting and serious discrepancy appears in the values of A6 (corresponding with the molal coefficient a,). This coefficient represents the thermodynamic interaction between hyaluronic acid and protein components, which is reflected also in the unequal partition of protein between hyaluronic acid solution and buffer (Ogston & Phelps, 1960) . It is easy to show that, for a ternary system ofnon-electrolytes, the same value must be obtained from either measurement. We have not been able to prove this generally for a quaternary system of electrolytes, but it seems probable (see Appendix 2). In fact, there is fair agreement between our value of A6 and the recalculated (A7 = 0) value from the osmotic data of Laurent & Ogston (1963); and Laurent (1964) has recently obtained partition values that agree well with the latter value. However, Ogston & Phelps (1960) , using a preparation of hyaluronic acid similar to ours (about tenfold more highly polymerized than that used in Laurent's work), obtained from partition measurements a value some sixfold greater (al = 5-8 x 106, A6 = 5-2). These discrepancies do not seem at present to be explicable either on experimental or on theoretical grounds.
The lower values ofA4 (or di) and A6 (or al) found here affect quantitatively, though not qualitatively, the conclusions of Ogston (1962) (Fig. 5) . The value of the second virial coefficient of ox UFR obtained from light-scattering agrees approximately with the value of A4 from osmotic measurements. However, these two measurements are not exactly equivalent, yielding, as they do, different averages over any distribution of species present (Casassa, 1960) . The agreement may therefore be fortuitous.
Light-8cattering
Storage and freezing. Comparison of the molecular dimensions of a freshly prepared sample of UFR, after storage at 20 and at -20°, and with addition of antibiotics, is made in Table 11 . None of these treatments caused significant changes. E,ffect of pH. A solution of UFR initially at pH6-8 in 0 2M-sodium chloride-0 12mM-sodium hydrogen carbonate was titrated with 0-1 N-hydrochloric acid to pH 3-3. The Zimm plots under the two conditions are shown in Fig. 1 . The molecular weight did not change, though the radius ofgyration became much smaller (Table 12 ) and the second virial coefficient became close to zero. The variation of the reciprocal particle scattering factor, P-1 (), is shown in Fig. 2 to change from that characteristic of a stiffened polydisperse coil (Fig. 2a) to that more nearly resembling a rigid rod (Fig. 2b) . The effect of increased polydispersity would be in the same direction, but the increase would have to be extreme to produce the observed effect and is made unlikely by the lack of change of the mean molecular weight Isihara (1964) has shown that the scattered intensities are a function of molecular weight. The deviations from the theoretical curves (which were calculated for monodisperse systems) are therefore not necessarily due entirely to deviations of shape. The dissymmetry Z (Fig. 3) varied markedly with UFR concentration at pH 6-8, but was constant at pH 3-3 over the range studied. In a separate experiment the values of the molecular weight and radius of gyration obtained from a solution at pH3 in the absence of salt were similar to those obtained at pH 3-3 in 0-2M-sodium chloride. On readjusting the pH from 3-3 to 6-8 (in 0-2M-sodium chloride) and leaving the solution at this pH for 6 days at 20, only a slight degree of reversal towards the original form occurred (Table 12 and Fig. 2c) . Comparison of the values of pgfM* (Table 12 ) also indicates that the molecule assumed a more compact form at pH 3.3, with only partial reversal on return to pH 6-8.
Effect of ionic 8trength. Table 12 shows that the effects of changing the concentration of sodium chloride at pH6-8 between 0-2M and 1mm were chloride concentration was lowered. When the remarkably small. The molecular weight of the material was dialysed against water, the molecular UFR did not change; there was a slight tendency weight increased together with the radius of gyrafor the radius of gyration to decrease as the sodium tion, but without change ofcompactness as measured Sin2 (0/2) for an ox UFR preparation in solutions of increasing NaCl concentration and differing pH. x, lmM-NaCl, pH6-8; o, 5mm-NaCl, pH6.8; +, 30mM-NaCl, pH6-8; A, 0.2M-NaCl, pH6-8; 0, 0 2M-NaCl, pH3-3.
by pg/Mi. There was a significant fall of the second virial coefficient with fall of sodium chloride concentration (Table 12 ). Fig. 3 shows that at all ionic strengths the dissymmetry decreased initially with concentration of UFR: similar behaviour has been observed with un-ionized polymers (Hyde & Taylor, 1963) and with polyelectrolytes at low ionic strength (Oth & IDoty, 1952; Doty & Steiner, 1952) . There was a tendency for the dissymmetry to decrease with increase of ionic strength. Deproteinized hyaluronic acid (Table 13) . Hyaluronic acid recovered from a DEAE-Sephadex column showed no change in the average molecular weight of the unfractionated material (preparation S.16). However, the value for the radius of gyration was greater than that of the original UFR. When the two fractions were examined separately striking differences between them and the original UFR were seen: fraction 1 had much greater molecular weight and radius of gyration than fraction 2, but also a smaller value of pg/Mi; this, and the reciprocal particle scattering factor (Fig. 4) , suggest that the material of lower molecular weight is more compact, stiffer and more 'rod-like' than the other. Table 13 ). The theoretical plots for systems of random coils (A) and monodisperse rods (B) are included. Viscosity Effect of protein on viscosity. Ogston (1962) calculated, on the basis of the partition experiments of Ogston & Phelps (1960) and the theory of Flory (1953) for the dimensions of a random coil, that the dimensions of the molecular domain of UFR should be sensitive to the presence of protein. Use of the values of the coefficients a and d obtained from our osmotic measurements, both lower than those used by Ogston (1962) (see above), still leads to the prediction of substantial effects. These should affect the reduced viscosity in the way predicted in Fig. 5 . The measurements shown in Fig. 5 were made in the capillary viscometer at a concentration (8 x 10-5g./ml.) where molecular domains should not overlap greatly. The results are inconsistent with the prediction, suggesting a configuration insensitive to the presence of protein.
Effect of salt and concentration on vi8cosity. For comparison with the results of light-scattering, measurements were made in the capillary viscometer over a wide range of salt concentration and over a range of UFR concentration between 1-8 x 10-5 and 40 x 10-5g./ml. (at pH 6-8-7, in 0-12mm-sodium hydrogen carbonate). The results are plotted in Fig. 6 . It is clear that there is a marked effect of salt concentration on the reduced viscosity; on the other hand, there appears to be rather a small dependence of reduced viscosity on the concentration of UFR, significant deviations occurring from linearity of 'qred. against concentration, particularly (ii) Contrary to the conclusions of Ogston & Stanier (1951a) , there is a marked dependence of reduced viscosity on velocity gradient even in 0-2M-sodium chloride and at very low concentration. We ascribe this difference to the greater accuracy and sensitivity of our Couette viscometer compared with that used by Ogston & Stanier (1951a) . Comrpari8on of hyaluronic acid8. The viscosity of human mesothelioma UFR was measured in the Couette viscometer over a concentration range of 6 x 1O-4-22 x 10-4g./ml. between velocity gradients of 1 and 50sec.-1, in 0-2M-sodium chloride-77mm-disodium hydrogen phosphate-23mM-potassium dihydrogen phosphate buffer, pH7-3, for comparison with previous data (Ogston & Stanier, 1952) Sedimentation The sedimentation of a preparation of ox UFR was studied over a range of concentration up to 13-6 x 10-3g./mil., with the object of obtaining information on the permeability of ground substance to water. UFR was concentrated by partial ultrafiltration to about 15 x 10-3g./ml. The semigelatinous material was made thoroughly homogeneous by stirring it gently at intervals over a period of 10 days; it was then transferred to a dialysis sac and dialysed against 0-2M-sodium chloride-77mM-disodium hydrogen phosphate23mM-potassium dihydrogen phosphate buffer, pH 7-3. The concentration before dialysis was determined from the dry weight of a sample, and the change of concentration during dialysis by the method described above. Dilutions with buffer were made by weight, care being taken that the diluted solution was homogeneously mixed. Dilutions were carried to the lowest concentration at which a sedimentation boundary was visible. The results are given in Table 17 10-13/S20 (sec.) (sec. Table 17 and Fig. 9 . The results of Laurent & Pietruszkiewicz (1961) on a less highly polymerized sample of hyaluronic acid (from umbilical cord) are included in Fig. 9 . A few sedimentation measurements were made in 2 m-sodium chloride to see whether the protein of ox UFR would be dissociated and would sediment independently under these conditions. Only a single boundary, characteristic of hyaluronic acid, was seen.
It seems that the limiting (zero-concentration) value of the sedimentation coefficient cannot be established with confidence. On the one hand, a plot of 1/S against c (Fig. 8) still shows curvature at the lowest concentration at which measurements could be made. There are theoretical reasons for supposing that this plot should become linear at low enough concentration (Ogston, 1953; Ogston & Woods, 1954) , and a free-hand extrapolation based on this assumption gives as least estimates a limiting slope 5 x 1015 and S0 16 x 10-13sec. Ogston & Woods (1954) argued that this plot should also become linear, with a different slope, at higher concentration and this expectation seems to be fulfilled (Fig. 8) . At high concentration the solution should contain a uniform entanglement of chains; by following Ogston & Woods' (1954) calculation, the chain radius obtained is 3L.
On the other hand, a plot of 1/S against >/c gives a good straight line, especially in the lower range of concentration. Extrapolation of this plot would The ordinate scale applies to the uppermost curve; each subsequent curve has been displaced downwards by 1 unit of ordinate scale. All measurements were made in 0-12mM-NaHCO3, pH6-8-7-0. Concentrations of NaCl were: A, 0-2M; B, 80mM; C, 0-96mM; D, 0-25mM; E, 0. Curves F and G were measured after exposure to pH 3 (see the text); concentrations of NaCl were: F, 0-2M; G, 0.
give SO 50 x 10-13sec. or higher. However, the theory of Ogston (1953) does not support this extrapolation, since it would necessarily imply an infinite limiting slope of 1/S against c.
The sedimentation measurements of Laurent & Pietruszkiewicz (1961) also give a fair straight line when 1/S is plotted against /c (Fig. 9) . The molecular weight of their material, estimated on the basis of light-scattering, was 1-7 x 106, whereas our material has a molecular weight 1-3 x 107. The respective slopes of the plots of 1/S against i/c are 1-4 x 1014 and 1-1 x 1014. Whatever method of extrapolation is used, it appears that the limiting sedimentation coefficient is larger for material of larger molecular weight.
Optical rotatory dispersion Measurements were made on solutions containing 1-8 x 10-3g. ofUFR/ml. inO-12mM-sodiumhydrogen carbonate and several concentrations of sodium chloride. Fig. 10 . A sample of solution initially at pH6.8 in 0 12m m-sodium hydrogen carbonate was brought to pH3 by dialysis against 0 2M-sodium chloride-mN-hydrochloric acid. It was brought back to pH 6 8 by dialysis against 0 2x-sodium chloride-0 12mm-sodium hydrogen carbonate. It was then clarified and its optical rotatory dispersion was measured. The same solution was exhaustively dialysed against 0 12nmM-sodium hydrogen carbonate, clarified and measured again. The concentrations of these solutions were not exactly known, but were approx. 1-8 x 10-3g./ml. The results are included in Fig. 10 .
Estimation of glucosamine and acetyl In spite of the higher estimates of glucosamine obtained by the method of Ogston (1964) , these are decidedly lower than the estimates of acetyl on ox UFR and a little lower than those on mesothelioma UFR (Tables 18 and 20) . The presence or absence of protein in ox material does not affect this conclusion. If the acetyl values represent the true content of N-acetylglucosamine, the recoveries from both materials are satisfactory (Table 19) , whereas the recoveries would be markedly low, particularly with the ox preparations, if the direct estimates of glucosamine were accepted.
Estimation of glucuronic acid
The results in Table 1 show that the colorimetric methods give low values for glucuronic acid in the highly polymerized samples of hyaluronic acid studied compared with those obtained by decarboxylation; the presence or absence of protein in the sample had no effect. By contrast, agreeing results with the two methods have been reported in the literature, usually with samples that have probably (Lowther & Rogers, 1956; Schiller, Mathews, Jefferson, Ludowieg & Dorfman, 1954; Meyer, Davidson, Linker & Hoffman, 1956 ) (Table 22) ; our results on hyaluronic acid made from bovine vitreous humour (which was less highly polymerized) also show good agreement, as do those on pectin and on menthol glucuronide. The combination of cetylpyridinium ion with purified hyaluronic acid preparations under the conditions that we describe gives highly reproducible results, agreeing well with the decarboxylation method, and also independent of the presence or absence of protein (Table 1) .
We regard the decarboxylation and cetylpyridinium values as reliable for this material; the values quoted in Tables 18, 19 and 20 were obtained by their use.
Estimation of amino acids and protein
In the analyses of Ogston & Stanier (1952) Davidson & Small (1963) 37.0* Vitreous humour Meyer & Palmer (1936) 45.0*, Laurent (1955) 44.5* Cock's comb Caputo & Marcante (1960) 
E8timwtion of metal content
This is based on the ash content on the assumption that this is all calcium carbonate (Table 19) . Although UFR retains Ca2+ (Aldrich, 1958) 467 methods as enzymic degradation may provide more interesting information, one cannot be certain that the whole structure is satisfactorily derived unless nearly 100% of the material has been accounted for. In this respect previous analyses as a whole fall far short of the ideal. These are summarized in Table 22 ; where the published information has allowed, they are expressed on an ash-free basis. Our experiments have shown the difficulties of estimating completely both glucosamine and glucuronic acid in highly polymerized material.
Obviously a molar ratio based on incomplete analysis is of little value. Although it is generally asumed that the molar ratio is 1:1, and that the hyaluronic acids are altemate co-polymers, the published analyses do not support this view very strongly. Our own estimates (Table 20) are all substantially different from unity. The completeness of the recoveries shown in Table 19 make it doubtful that our estimates of the molar ratio are seriously in error.
Comparison of hyaluronic acids. The compositions of the carbohydrate components of the preparations from ox synovial fluid and from human mesothelioma are closely similar (Tables 18, 19 and 20) . Their viscosities and sedimentation rates are not very different (Tables 15 and 17 , and Fig. 9 ). However, they show two interesting differences:
(i) Although ox UFR constantly contains about 20% of a protein that appears to be characteristic (Curtain, 1955) , the UFR prepared by the same method from mesothelioma fluid (which was rich in protein) contained very little. This could be due to differences in the hyaluronic acids, or to the absence of suitable protein from the mesothelioma fluid.
(ii) The proportion of glucosamine that could be directly estimated was greater in the mesothelioma than in the ox material; this was not a result of the protein content of the latter (Table 20) . The most likely cause offailure to estimate all the glucosamine is that a part of it is extremely resistant to liberation by hydrolysis; this difference between the two materials therefore suggests a difference in the chemical environment of some part of their glucosamine contents.
This evidence suggests that hyaluronic acids from different sources may not be as simple or as uniform in chemical structure as is commonly assumed. This conclusion holds good even if notice is taken oftheheterogeneity within preparations with respect to molecular weight and configuration (and possibly with respect to chemical composition) shown by fractionation of the bovine material on DEAESephadex.
Molecular weight of ox UFR Previous estimates of the average molecular weight of our material have been in the range 8 x 106-10 x 106. These have been based chiefly on sedimentation and viscosity measurements by making use of the relationship between SO, the variation of 1/S with c and the intrinsic viscosity deduced by Ogston (1953) . If the lower values SO= 16 x 10-13 and d(1/S)/dc = 5 x 1015 were accepted, the molecular weight based on Ogston's (1953) treatment would be about 14 x 106. However, as has been shown above, these values must be regarded as very uncertain and little reliance can be placed on the estimate of molecular weight based on them.
Our light-scattering measurements on unfractionated material gave molecular weights in the range 12 x 106-14 x 106 over a wide range of conditions. Acidification to pH 3-0, though it caused a great decrease of radius of gyration, did not affect the molecular weight. Removal of protein on a DEAE-Sephadex column caused no marked change in the mean molecular weight, though it gave evidence of separation into fractions of different molecular weights (Table 13) : Berman (1963) was able to fractionate the hyaluronic acid from vitreous humour by this means. In salt-free solutions the molecular weight appears to increase, with parallel increase of the radius of gyration, in agreement with the findings of Lacapere & Delaville (1960) ; however, extrapolation of light-scattering data under these conditions is less satisfactory than in the presence of salt, owing to the strong concentrationdependence of the reduced intensities.
The relationship established by Laurent et al. (1960) between the intrinsic viscosity and molecular weight (from light-scattering) of hyaluronic acids gives a value for the molecular weight of our material of 1-5 x 107, taking the intrinsic viscosity as 1-4 x 104ml./g. Configuration of ox UFR in solution. It has been generally accepted that hyaluronic acids are linear flexible polymers, which in solution take up a configuration approaching a random coil, somewhat stiffened by incompletely free rotation and by repulsion between anionic groups (see reviews by Balazs, 1958; Rogers, 1961) . Such a configuration would be approximately spherical and the volume of the molecular domain would be very large. This configuration is generally supported by our measurements of light-scattering (Fig. 2a) . The radius of gyration would suggest a molecular volume of about 1-4 x 10-13cm.3 (Debye, 1948) ; the intrinsic viscosity would give 1-3 x 10-13cm.3. A rod-like structure consistent with the intrinsic viscosity would require a substantially larger radius of gyration from light-scattering. The dissymmetry factor (Fig. 3) varies in a way similar to that of polymethacrylic acid (Oth & Doty, 1952) , decreasing at first with increasing concentration and reaching a minimum at a concentration of about 1-3 x 10-4g./ml. This is about the concentra- 468 1965 VHYALURONIC ACIDS tion at which, with the value of the molecular volume quoted above, the solution becomes 'filled' with the molecular domains. On neutralization ofthe anionic charges by acidification, the molecule shrinks and Z becomes independent of concentration within the range studied. Arabic acid shows similar behaviour (Veis & Eggenberger, 1954) . A spherical molecule of the dimensions suggested would have a sedimentation coefficient at zero concentration of about 13 x 10-13sec., which is near the lower limit of possible extrapolated values. It should also exhibit only a small degree of streaming birefringence at low velocity gradient, as was observed by Ogston & Stanier (1951a) . The evidence quoted so far supports a voluminous, approximately spherical structure that could, but need not, be a random coil.
In general, the variation of viscosity with ionic strength supports the flexible random-coil model, suggesting expansion of the molecule as the interaction between anionic groups is increased. The only discordant feature is the apparent persistence of non-Newtonian viscosity to zero concentration, even at high ionic strength. This finding, which is in disagreement with the conclusions of Ogston & Stanier (1951a) , would be consistent with a rigid ellipsoid structure of axial ratio at least 16 (Yang, 1961) ; alternatively, it might arise from distortion of a flexible structure in the shear gradient.
In contrast with this is the failure of the radius of gyration to increase as the ionic strength is lowered. This evidence and the failure of added protein to modify the viscosity indicate that the structure lacks the flexibility of a random coil with respect to expansion or contraction. The apparent discrepancy between this evidence and that of viscosity could perhaps be reconciled by a branched structure, with partial cross-linking to form a 'cage' within which most of the branches remain mobile. Such a structure would have an internal 'osmotic pressure', due to the flexible internal branches (just as would a random coil), sufficient to keep the ' cage' fully distended. Changes of stiffness of the internal branches would then not affect the size of the molecular domain, but only the detail of distribution of mass within it. There might therefore be little effect on the radius of gyration measured by light-scattering. However, the degree of internal 'free draining', and consequently the viscosity, would be strongly affected by the configuration of the internal chains.
The evidence of optical rotatory dispersion, as far as it can be interpreted, is consistent with this model. The nearly linear Lowry plot (Fig. 10) obtained at high ionic strength is (at least for polypeptides) characteristic of random configuration (Urnes & Doty, 1961) . At low ionic strength the Lowry plot becomes strongly non-linear, suggesting a higher degree of internal order, such as might arise from stiffening of individual chains.
As has been pointed out, the analytical data suggest that ox UFR is not wholly a linear alternate co-polymer. Those glucosamine residues that seem particularly difficult to liberate by hydrolysis might form branch points. In a molecule of degree of polymerization about 50000 a substantial number of chain ends could escape chemical detection. The apparent expansion of the molecule after removal of protein on DEAE-Sephadex might indicate a cross-linking function for the protein. This treatment caused little change in the viscosity.
Physiological con8iderations Pappenheimer (1953) has defined the permeability coefficient, P, for a membrane (of any given thickness) as volume flow per time, per area and per pressure gradient. The same quantity can be obtained from the sedimentation coefficient; this method is free from the objection to the more direct method of measuring permeability used by Ogston & Sherman (1961) , that hyaluronic acid flows with the solvent and accumulates against the membrane during the measurement. The effective weight, (1-vp)c, of hyaluronic acid in sedimentation in 1 ml. of solution corresponds to the pressure gradient in Pappenheimer's (1953) coefficient, and the rate of sedimentation (cm./sec.) corresponds to the rate of volume flow/area. Thus S/(1 -vp)c is dimensionally identical with P for a thickness of 1 cm. For example, the value of P for 1 cm. thickness of hyaluronic acid gel at a concentration of 10mg./ml. (S= 1 x 10-13sec.)is3 x 10-11g.cm.3sec.-1. Pappenheimer's (1953) value for capillaries is about 3 x 10-8 if the pressure gradient is expressed in cm. H20/cm.2, or 3 x 10-"1g.cm.3sec.-1. This shows, contrary to the statement made by Ogston (1963) , which was based on a misreading of Pappenheimer's (1953) values, that, though a thin layer of hyaluronic acid may offer substantial resistance to the flow ofwater, this is not likely to be comparable with the resistance offered by the capillary wall.
The effect that hyaluronic acid may have on the flow of water through connective tissue may be illustrated by comparing the rate of flow of water in a vertical capillary of 0 1mm. diam. with the flow through the same capillary containing immobilizedhyaluronicacidat lOmg./ml. Theformervalueis given by Poiseuille's law as lTg. r4/8?7 = 2 4 x 10-5ml./sec. the latter by P x7Tr2 = 2-4 x 10-12 ml./sec. Even if the capillary diameter is taken as 1 u, the flow rates still differ by more than 1000-fold. This Vol. 96 469 simple model illustrates the suggestion made for example by Fessler (1960) of how hyaluronic acid may immobilize interstitial fluid. This work confirms Laurent & Ogston's (1963) finding that mixtures of hyaluronic acid and protein have anomalously high osmotic pressures, measured across a membrane impermeable to both; from this Ogston's (1962) conclusion follows, of thermodynamic necessity, that across a membrane permeable to protein the osmotic pressure is lowered, ifthe protein is at equilibrium [though the magnitude of the effect will be smaller than Ogston (1962) predicted] . The difficulty in using this information in a physiological context is that there steady-state rather than equilibrium conditions hold good.
We 
